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Abstract. Measurements of total nitrogen and inorganic ni-
trogen in precipitation samples from NitroEurope sites across
Europe permit the calculation of organic nitrogen concen-
trations and wet deposition, by difference. The contribution
of organic N to total N in precipitation ranged from only a
few % to around 40 % across 18 sites from northern Finland
to Italy, similar to results from previous individual studies.
This paper presents the absolute and relative contributions
of organic N to wet N deposition across Europe, and exam-
ines seasonal trends. There were only weak correlations with
other solutes in precipitation. These simple statistics indicate
that sources of organic N in precipitation vary across Europe,
and that no single source is responsible. The organic N con-
tributes to total N deposition, yet this input is rarely quanti-
fied in nitrogen budgets.
1 Introduction
The effects of nitrogen (N) deposition on ecosystems are of-
ten expressed in terms of the wet deposition of inorganic
nitrogen, as ammonium (NH+4 ) and nitrate (NO−3 ) ions in
precipitation. Sometimes, the additional dry deposition of
nitrogen-containing gases and particles is included in the de-
position estimate, but rarely is the contribution of organic
nitrogen (ON) included. This is partly because of the diffi-
culty in characterising the various individual components of
ON, even the water-soluble organic nitrogen (WSON) in pre-
cipitation. However, the significant contribution of WSON
to wet N deposition is now beyond doubt, given the many
measurements from around the world (Cornell, 2011; Cor-
nell et al., 2003; Neff et al., 2002). Although WSON is usu-
ally estimated from the difference between the total N con-
tent of precipitation and the inorganic N, a process which can
lead to large uncertainties, some data are also available on
the role of individual compounds or groups of compounds,
such as urea, amines or amino-acids, but these generally only
contribute a small proportion of the WSON. Some WSON
is associated with large macromolecules, or humic-like sub-
stances (Kieber et al., 2005). The lack of data on the chem-
ical form of WSON has greatly hampered attempts at iden-
tifying sources, and therefore the possibility of controls on
emissions, many of which are likely to be of biological origin
(Cape et al., 2011). Nevertheless, the observation that, on av-
erage, WSON contributes around 30 % of total wet-deposited
N (Cornell, 2011) means that its role should not be ignored
when attempting to quantify the deposition of N.
In this paper we present the results of measurements of to-
tal water-soluble nitrogen in rain samples from sites across
Europe, which when combined with data on the inorganic
components (ammonium and nitrate) allow the estimation of
the water-soluble organic nitrogen content of precipitation.
The data are discussed in terms of spatial and temporal vari-
ation, and in comparison with the inorganic nitrogen compo-
sition.
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2 Methods
This study was part of the EU Framework Programme 6 Inte-
grated Project “NitroEurope” (www.nitroeurope.eu). Wet de-
position of N was measured at a network of “Level 1” sites
across Europe, and originally only the inorganic ions (NH+4
and NO−3 ) were measured. At “Level 1” sites the concen-
trations of nitrogen compounds in air and precipitation were
measured using time-averaged methods, to provide a basic
understanding of the spatial and temporal patterns of reac-
tive N in the atmosphere over Europe, and to permit the es-
timation of wet and dry deposition, the latter using inferen-
tial methods (Flechard et al., 2011; Tang et al., 2009). These
sites can be described as “rural”, and were chosen to pro-
vide a regionally representative estimate of air composition.
At “Level 3” sites more detailed measurements were made,
usually at higher time resolution, and with the use of wet-
only samplers rather than bulk samplers for measuring wet
deposition (Skiba et al., 2009), but not all the “Level 3” sites
participated in this study.
Inclusion of a measurement of total N concentration in
precipitation samples, combined with the measured inor-
ganic ion concentrations, permitted an estimate to be made
of the WSON, and its contribution to the total wet deposi-
tion of N. Moreover, several other research groups who were
part of NitroEurope, but not involved in “Level 1” activities,
agreed to participate, bringing the total number of sites up
to over 20. Several of these sites proved to have consistent
problems with loss of samples from contamination, and have
not been used here, but 18 sites (Table 1) provided sufficient
valid samples for analysis. The opportunistic nature of this
approach, relying on a single central laboratory for total N
analysis, led to some additional uncertainties in the final data,
as explained below. However, without these measurements,
the quantification of wet N deposition across Europe would
have been systematically underestimated.
2.1 Main network
As part of the NitroEurope IP wet deposition was mea-
sured at the primary network sites (Level 1) across Eu-
rope (Flechard et al., 2011). The network comprised bulk
Rotenkamp samplers (Da¨mmgen et al., 2005); each unit
consisted of two samplers (to provide replicate samples)
mounted 1.5 m above ground, or in the case of forest sites,
above the canopy. Samples were taken monthly, and sent
to a central laboratory for analysis (Slovak Hydrometeoro-
logical Institute, Bratislava, Slovak Republic). Samples were
protected during and after sampling by the addition of the
biocide thymol (2-isopropyl-5-methylphenol). Major inor-
ganic ion composition was measured using ion chromatog-
raphy (IC) (Dionex 3000, with column CS12A for cations:
NH+4 , Na+, K+, Ca2+, Mg2+ and AS4A-SC for anions:
SO2−4 , NO
−
3 , Cl
−
, PO3−4 ). In addition pH and conductiv-
ity were measured. At the time of ion analysis, two 2 ml
filtered (0.45 µm) subsamples were taken into vials prepared
with additional thymol (200 µg) and shipped to the labora-
tory at CEH, where they were analysed for total N using
high-temperature chemiluminescence in flow injection mode
(ANTEK 8060M). Triplicate 20 µl injections were made into
a flow of 10 % methanol in water, and multi-point calibra-
tions were made using both (NH4)2SO4 and NaNO3 to en-
sure correct operation of the detector (both salts should give
identical responses). The method provides linear equimolar
response to all but a few N-containing compounds, both inor-
ganic and organic, the exceptions being molecules containing
a−C≡N bond or some heterocyclic compounds. The detec-
tion limit for total N was 1 µM. Reproducibility of triplicate
analyses was better than 1 %.
Inorganic ion concentrations determined by IC were then
subtracted from the total N concentrations to obtain the “or-
ganic N” concentrations, referred to as “water soluble or-
ganic N” (WSON). This process inevitably leads to increased
uncertainties, and occasional (small) negative values which
are retained in the statistical analysis. Contaminated samples,
as evidenced by high potassium and/or phosphate concentra-
tions (from bird excreta), and samples where the calculated
WSON concentration was large and negative (i.e. calculated
negative WSON was more than 20 % of the measured total
N, see discussion below for possible reasons for this) were
excluded from the analysis.
For quality control, analytical standards (CRM – certified
reference material) from the Slovak lab were sent to CEH
for analysis as samples; agreement was within the combined
uncertainties of the two laboratories. The Slovak laboratory
also participates once annually in the EMEP “round robin”
for rain water samples on major inorganic anions and cations,
pH, conductivity and heavy metals, and twice annually in
the GAW WMO Laboratory Intercomparison Study (LIS) for
rain water samples on major inorganic anions and cations, pH
and conductivity as an accredited EMEP laboratory.
A list of the sites from the main NitroEurope network is
given in Table 1. Only sites with at least one year of valid
data have been used. At some sites contamination was too
frequent to permit construction of a valid data set.
2.2 Other data sources
Other research groups in the NitroEurope IP have been mak-
ing their own measurements of rainfall composition as part
of ongoing projects. Although several different methods have
been employed, a similar “opportunistic” approach was taken
to estimate WSON. Empty sample vials, treated with thymol,
were sent from CEH to each of the participating laboratories,
and subsamples taken at the time of inorganic analysis, then
sent back to CEH for analysis of total N. The inorganic N
measurement data from these laboratories were then used to
calculate WSON from the measured total N for each sample.
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Table 1. List of sites with locations; those in the NitroEurope Level 1 network (Flechard et al., 2011) are shown by a, and in the NitroEurope
Level 3 network by b (http://www.nitroeurope.eu/sites data page).
Name Country Latitude Longitude Sampler type/frequency
Pallas Finland 68.00 24.24 bulk/1 week
Virolahti Finland 60.52 27.64 bulk/1 week
Polweta Poland 52.76 16.31 bulk/1 month
Hainicha Germany 51.08 10.45 bulk/1 month
Grillenburga Germany 50.95 13.51 bulk/1 month
Wetzsteina Germany 50.45 11.46 bulk/1 month
Vielsalma Belgium 50.31 6.00 bulk/1 month
Oensingenb Switzerland 47.17 7.44 wet-only/1–2 week
La¨gerena Switzerland 47.48 8.37 bulk/1 month
Fontainebleaua France 48.48 2.78 bulk/1 month
Pue´chabona France 43.74 3.60 bulk/1 month
Le Braya France 44.72 −0.77 bulk/1 month
San Rossorea Italy 43.73 10.28 bulk/1 month
Roccarespampania Italy 42.46 11.93 bulk/1 month
Rotterdam Netherlands 51.95 4.43 wet-only/2 week
Speulderveld Netherlands 52.26 5.71 wet-only/2 week
Vredepeel Netherlands 51.57 5.86 wet-only/2 week
Wieringerwerf Netherlands 52.80 5.05 wet-only/2 week
Table 2a. Average precipitation composition across all sites (precipitation weighted mean concentrations in mg N l−1).
Site Start End Period Precipn NH
+
4 NO
−
3 WSON
yr mm yr−1 mg N l−1 mg N l−1 mg N l−1
Pallas 05/09 12/09 0.58 512 0.07 0.11 0.10
Virolahti 05/09 12/09 0.59 703 0.16 0.22 0.09
Oensingen 08/06 12/08 2.32 984 0.42 0.20 0.12
Fontainebleau 01/08 01/11 2.94 634 0.13 0.11 0.15
Grillenburg 01/08 12/10 2.91 830 0.42 0.46 0.10
San Rossore 03/08 12/10 2.75 939 0.12 0.29 0.03
Roccarespampani 05/08 01/11 2.58 835 0.11 0.11 0.09
Pue´chabon 02/08 01/11 2.66 705 0.34 0.45 0.05
Polwet 01/08 02/11 2.93 574 0.38 0.40 0.13
Le Bray 02/08 01/09 0.93 801 0.28 0.45 0.03
La¨geren 02/08 01/11 2.76 980 0.46 0.26 0.18
Hainich 03/08 01/11 2.74 748 0.35 0.45 0.08
Wetzstein 02/08 01/11 2.90 807 0.47 0.50 0.03
Vielsalm 01/08 02/09 1.07 1354 0.24 0.19 0.10
Rotterdam 09/08 12/11 3.22 864 0.57 0.33 0.05
Vredepeel 09/08 12/11 3.26 621 0.99 0.34 0.11
Wieringerwerf 09/08 12/11 3.26 630 0.60 0.36 0.02
Speulderveld 09/08 12/11 3.26 914 0.71 0.35 0.03
3 Results
3.1 Concentrations and deposition
The average data for all sites is shown in Table 2, to-
gether with the period over which they provided samples
for WSON analysis, and the % data capture expressed in
terms of the proportion of rainfall sampled (i.e. exclud-
ing periods when samples were contaminated, or data were
missing). Average concentration data are expressed as the
precipitation-weighted mean over the period; annual depo-
sition data show the product of the precipitation-weighted
mean concentration and the calculated annual precipitation
(total sample volume/sampling period in years). The precipi-
tation volume of excluded samples was included in calculat-
ing annual precipitation.
Average concentrations of total water-soluble N ranged
from 0.3 mg N l−1 in northern Finland to 1.5 mg N l−1 in
the Netherlands, while annual wet deposition ranged from
www.biogeosciences.net/9/4401/2012/ Biogeosciences, 9, 4401–4409, 2012
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Table 2b. Average wet deposition of N (kg N ha−1 yr−1) at all sites, from data in Table 2a.
Site NH4-N NO3-N WSON Total N
WSON % mm
% total sampled
Pallas 0.34 0.58 0.51 1.42 36 % 100
Virolahti 1.10 1.52 0.64 3.25 20 % 96
Oensingen 4.09 1.94 1.21 7.24 17 % 85
Fontainebleau 0.80 0.72 0.93 2.45 38 % 100
Grillenburg 3.52 3.84 0.79 8.15 10 % 85
San Rossore 1.14 2.70 0.30 4.15 7 % 66
Roccarespampani 0.90 0.90 0.73 2.53 29 % 82
Pue´chabon 2.42 3.20 0.34 5.96 6 % 68
Polwet 2.17 2.27 0.72 5.16 14 % 97
Le Bray 2.22 3.61 0.28 6.11 5 % 71
La¨geren 4.48 2.51 1.74 8.73 20 % 81
Hainich 2.58 3.39 0.56 6.53 9 % 86
Wetzstein 3.80 4.01 0.25 8.05 3 % 98
Vielsalm 3.26 2.51 1.35 7.12 19 % 74
Rotterdam 4.89 2.83 0.45 8.17 6 %∗ 94
Vredepeel 6.17 2.13 0.67 8.98 7 %∗ 95
Wieringerwerf 3.79 2.29 0.15 6.23 2 %∗ 96
Speulderveld 6.52 3.20 0.24 9.96 2 %∗ 99
∗ Possibly underestimated, because colorimetric method used for NH+4 -N.
1.4 kg N ha−1 to 10 kg N ha−1. The proportion of WSON
was from 2 % in the Netherlands to 38 % at Fontainebleau,
France. Precipitation-weighted average concentrations of in-
organic N (NH+4 and NO−3 ) can be compared with wet-only
concentrations of inorganic N from the EMEP monitoring
network (Hjellbrekke and Fjaeraa, 2011) for 2009 in Fig. 1.
The sites used in this study cover the range of rain compo-
sition observed across Europe. Annual average deposition of
ammonium and nitrate was highly correlated across all sites
excluding the Netherlands (r2 = 0.42, n= 15), whereas the
Dutch samples showed a much greater contribution from am-
monium. Across all sites, the deposition of WSON was not
correlated with reduced, oxidised or total N deposition, but
the proportion of WSON was significantly (P < 0.001) neg-
atively correlated with total wet N deposition (Fig. 2). Or-
thogonal regression across all the sites gave (uncertainty in
parameters is s.e. of estimate)
WSON%TN= 33(±5)− 3.2(±0.8)
× wet dep N/kg ha−1 yr−1; r2 = 0.51. (1)
The inverse relationship with wet deposited nitrate (Fig. 3)
was
WSON%TN= 36(±4)− 9.2(±1.5)
× wet dep NO3-N/kg ha−1 yr−1; r2 = 0.71 (2)
and was much stronger than for ammonium (data not shown):
WSON%TN= 25(±4)− 3.7(1.2)
× wet dep NH4-N/kg ha−1 yr−1; r2 = 0.38.(3)
 
 
 
 
 
Updated Figure 1:  Cape et al.  bg-2012-249 
< 0.2
0.2-0.4
0.4-0.6
0.6-0.8
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> 1.0
mg N l-1
Fig. 1. Annual rainfall-weighted average concentrations (mg N l−1)
of inorganic N (NH+4 and NO−3 ) in precipitation across Europe. The
circles show colour-coded concentrations from the EMEP monitor-
ing sites for 2009 (http://ebas.nilu.no/), and the triangles show the
data from this study for comparison (see Table 1 for details). “Level
1” sites are shown with bold outline.
3.2 Seasonal patterns
Seasonality in each data series was measured by fitting a sine
curve through the monthly data using non-linear regression
in SigmaPlot,v10 (Systat Software Inc.). Significant seasonal
patterns in concentration of ammonium and nitrate were ob-
served at approximately half of the sites (Table 3), with a
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Fig. 2. Relationship between the proportion of total N represented
by WSON, and the wet deposition of total N at each site, showing
the strong inverse relationship.
spring maximum between February and May (e.g. Fig. 4). At
some sites there was a seasonal pattern in deposition, with a
peak slightly later in the year (data not shown), but at no site
was there a statistically significant seasonal pattern in either
the concentration or deposition of WSON. Although this is a
crude measure of seasonality, it is the simplest indicator for
such a short data set, and does show the lack of seasonal pat-
terns in all components at the more southerly sites compared
with central Europe; the two Finnish sites had no data from
the winter period.
3.3 Correlations in space and time
Despite the lack of correlation across sites for annual-average
data (Sect. 3.1), WSON concentrations and/or deposition
were correlated in time with inorganic N at some individ-
ual sites. Given the strong inverse dependence of concentra-
tions on precipitation amounts (small amounts tend to have
high concentrations), within-site correlations were analysed
using deposition data (mg N m−2 month−1) rather than con-
centration data, and Spearman’s rank correlation coefficient
to test for significant correlations over time within a site.
There were no statistically significant correlations at most
sites, but WSON deposition was significantly negatively cor-
related with both NH+4 and NO
−
3 at San Rossore and at Viel-
salm, and significantly positively correlated with NH+4 (only)
at La¨geren, and with both NH+4 and NO
−
3 at Pallas (Table 4).
No clear spatial pattern in correlations emerged over Europe.
4 Discussion
4.1 Uncertainties
With this type of project, involving sub-sampling and analy-
sis in two different laboratories, the possibility of artefacts is
increased, with increases in the uncertainty associated with
the results. Typical uncertainties in calculating individual
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Fig. 3. As for Fig. 2, but showing WSON as % of total N in terms
of wet deposition of NO3-N at each site.
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Fig. 4. Seasonal variation in concentrations of inorganic ions at
Grillenburg. Points show monthly mean data, and bars show ranges.
The parameters of the fitted sine function are shown in Table 3.
WSON concentrations are 0.08 mg N l−1, and small, appar-
ently negative, concentrations have been included in the
above calculations to avoid the bias caused by ignoring (or
treating as zero) the small negative values which arise as
a result of uncertainties in the total N and inorganic N
concentrations (Cornell and Jickells, 1999). However, on
some occasions the measured total N at CEH was sig-
nificantly less than the sum of the NH+4 and NO
−
3 con-
centrations reported by the originating laboratory, imply-
ing artefacts during the sub-sampling process, and/or sys-
tematic differences in calibrations between the laboratories.
The latter possibility was checked by the analysis of an-
alytical standards, shipped from the Slovak laboratory to
CEH. No bias could be detected, implying no systematic
www.biogeosciences.net/9/4401/2012/ Biogeosciences, 9, 4401–4409, 2012
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Table 3. Seasonal variations in ammonium and nitrate concentrations (mg N l−1) from non-linear fitting of a sine function to monthly data,
where C(m)= C0+A.sin(pi/6.(m−m0+ 3)), and C0, A and m0 are fitted parameters for the annual mean, seasonal amplitude and month
of maximum amplitude, respectively. Data are shown only for sites where the probability of A> 0 exceeds 95 %. Standard errors of fitted
parameters are shown in parentheses.
Site NH+4 NH
+
4 max NO
−
3 NO
−
3 max
C0 A m0 C0 A m0
Pallas
Virolahti
Polwet 0.56 (0.09) 0.51 (0.10) 2.1 (1.1) 0.52 (0.07) 0.37 (0.07) 1.7 (1.3)
Hainich 0.38 (0.07) 0.27 (0.09) 3 (1.6) 0.51 (0.05) 0.17 (0.07) 3 (2.1)
Grillenburg 0.52 (0.07) 0.47 (0.09) 2.3 (1.0) 0.49 (0.05) 0.35 (0.05) 1.7 (1.0)
Wetzstein 0.54 (0.07) 0.23 (0.07) 2.8 (2.4)
Vielsalm 0.26 (0.06) 0.18 (0.08) 3 (1.9)
Oensingen 0.53 (0.10) 0.19 (0.09) 5.6 (2.7) 0.26 (0.05) 0.14 (0.05) 5.1 (1.7)
La¨geren 0.31 (0.04) 0.23 (0.05) 2.4 (1.0)
Fontainebleau
Pue´chabon
Le Bray
San Rossore
Roccarespampani
Rotterdam 0.89 (0.09) 0.62 (0.12) 4.6 (0.6) 0.47 (0.04) 0.25 (0.05) 4.5 (0.7)
Speulderveld 0.96 (0.06) 0.45 (0.07) 4.6 (0.6) 0.47 (0.02) 0.19 (0.03) 4.3 (0.6)
Vredepeel 1.28 (0.08) 0.45 (0.11) 4.4 (0.8)
Wieringerwerf 0.81 (0.07) 0.49 (0.09) 4.8 (0.6) 0.47 (0.03) 0.18 (0.04) 4.3 (0.7)
Table 4. Correlations of WSON deposition with NH+4 and NO
−
3 de-
position over time within individual sites, as Spearman rank corre-
lation coefficient (ρ) with associated significance probability (Gen-
Stat13, VSN International Ltd). Only significant (p< 0.05) corre-
lations are shown.
Site WSON vs. NH+4 WSON vs. NO
−
3
San Rossore −0.52 (0.004) −0.44 (0.011)
Vielsalm −0.68 (0.006) −0.66 (0.007)
La¨geren +0.51 (0.002)
Pallas +0.69 (< 0.001) +0.73 (< 0.001)
difference. A second check was direct comparison of to-
tal N (measured by RIVM using persulphate oxidation) for
samples from the Dutch sites with total N (measured by
CEH using high-temperature combustion and chemilumines-
cence) on the same samples. Orthogonal regression of data
from these two independent analyses shows a small neg-
ative bias of the persulphate data compared with chemi-
luminescence, with slope (RIVM : CEH) = 0.95(±0.03 s.e.)
and intercept (RIVM−CEH) =−0.12(±0.04 s.e.) mg N l−1,
consistent with the observation that chemiluminescence is
slightly more effective (at least for rain samples) in measur-
ing total N than persulphate digestion (Cape et al., 2001).
However, these small differences do not account for the oc-
casional large discrepancy between total N measurement and
prior inorganic N analyses. The addition of thymol has been
shown to be effective as a biocide in rain samples (Cape et
al., 2001; Ayers et al., 1998; Hadi and Cape, 1995), so it is
unlikely that there would have been large biotic changes in
sample composition during shipping. There remains the pos-
sibility of abiotic losses caused by chemical reactions dur-
ing shipping. In some cases, the pH and NH+4 concentrations
measured in the laboratory would, at equilibrium at 20 ◦C,
imply transfer of NH3 to the gas phase, which could have
been lost from the vial when sampled. Although weak, there
was a correlation between the WSON deficit and NH+4 con-
centration, i.e. samples with higher initial NH+4 concentra-
tions were more likely to show a lower total N concentration
than the sum of NH+4 and NO
−
3 (negative WSON), imply-
ing loss of NH3 from the vial. It is possible that at some
sites, inclusion of sub-micron particles of minerals could
have increased the pH during transit and led to losses of
NH3. Although a small proportion of the overall samples,
these anomalies suggest that at some sites the concentration
of WSON may have been underestimated; any losses of N
from the sample between the ion analyses and the analysis for
total N would lead to a low value for the calculated WSON.
The second artefact applies only to the samples from
the Netherlands. We have already shown good agreement
for total N measured by the RIVM and CEH laboratories,
but for these samples the NH+4 concentrations were mea-
sured colorimetrically rather than by ion chromatography. It
has been shown that amines and amino acids produce pos-
itive artefacts in the indophenol blue method for measuring
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J. N. Cape et al.: Organic nitrogen in precipitation across Europe 4407
ammonium (Cape et al., 2001). Consequently, the reported
“NH+4 ” concentrations are likely to be overestimates of the
true NH+4 concentrations, leading to a systematic underesti-
mate of WSON concentrations at the 4 Dutch sites.
As seen from Table 1, some of the (non-NitroEurope) sites
used wet-only rather than bulk samplers. While this is likely
to have led to a lower relative measurement of concentra-
tion and deposition, because of additional dry deposition of
gases and particles on the bulk collector surfaces, the effect
on the proportion of WSON is not known. In the only study
to have investigated the potential bias (Gonza´lez Benı´tez et
al., 2009), the difference between wet-only and bulk sam-
plers was up to 50 %, but with no clear indication of a differ-
ence in the proportion of WSON. Consequently, the overall
deposition data for the “wet-only” sites may be biased low
relative to the other sites studied.
4.2 Comparison with the literature
Comparison of precipitation chemistry data from studies
with very different sampling and analytical methods is not
straightforward, particularly where the analyte of interest
(WSON) is determined by difference, and where contami-
nation and sampling artefacts are handled differently in dif-
ferent studies (Cape et al., 2011). Nevertheless, the present
study does need to be set in context. In terms of the inorganic
N component, the annual average concentrations across Eu-
rope show a similar range and geographical pattern to those
measured in the EMEP Network (www.emep.int), as shown
in Fig. 1. The largest concentrations are seen in central and
western Europe, with smaller values to the north and south.
By contrast, concentrations of WSON show a smaller range
and a less clear geographical pattern (Table 2a). The con-
centration of WSON as a proportion of total N in this study
ranges from a few % up to almost 40 %. This range is similar
to that observed in the UK, between 20 and 50 % (Cape et
al., 2004; Gonza´lez Benı´tez et al., 2009; Vanguelova et al.,
2010). Other recent European studies have shown up to 15 %
at the Belgian coast (Bencs et al., 2009) and 30 % in Flan-
ders, Belgium (Sleutel et al., 2009), 23 % in the Czech Re-
public (Kopacek et al., 1997), 38 % in Poland (Kram, 2008),
between 17 % and 23 % in the eastern Mediterranean (Mace
et al., 2003; Violaki et al., 2010), 8 % in Germany (Michalzik
and Matzner, 1999) and between 14 % and 41 % in Finland
(Mustajarvi et al., 2008; Piirainen et al., 1998). The available
data are shown in Fig. 5, which suggests that the contribu-
tion of WSON to total N in precipitation is greatest to the
north and west of Europe, and least in central Europe. How-
ever, because the studies cited have all used different meth-
ods of sampling and analysis, over different integrating peri-
ods and times, such direct comparisons are indicative at best,
and may be misleading. For reviews of global and historical
data sets see Cornell (2011); Cornell et al. (2003); and Neff
et al. (2002).
 
< 10%
10 - 15%
15 - 20%
20 - 25%
25 - 30%
> 30%
WSON / total N
Fig. 5. WSON as % of total wet-deposited N across Europe, show-
ing results from this study (triangles) and literature data (circles;
see text for citations). “Level 1” sites from this study are shown
with bold symbols.
5 Conclusions
This study, despite the obvious drawbacks of its opportunis-
tic nature, has confirmed the importance of WSON as a com-
ponent of wet deposition across Europe, as illustrated by a
growing number of individual studies. However, no clear pat-
terns have emerged as to the likely sources, or rather, the lack
of pattern has shown that the contribution of WSON to total
N is not unequivocally linked to either ammonium or nitrate
across the continent. The relative contribution of WSON to
total N is greater where total N concentrations and deposi-
tion are smallest, but again, there are no consistent temporal
or spatial patterns, reflecting earlier conclusions on the var-
ied sources and chemical composition of WSON (Cape et al.,
2011).
However, the study has reinforced the fact that wet depo-
sition of total nitrogen to European ecosystems is systemat-
ically underestimated by the use of inorganic N data alone.
Although the bioavailability of WSON may be less than for
inorganic N, there is sufficient evidence that at least some
components are bioavailable (Liu et al., 2011; Peierls and
Paerl, 1997; Wedyan et al., 2007; Krab et al., 2008; GalletBu-
dynek et al., 2009; Nasholm et al., 2009; Xu et al., 2006). In
terms of demonstrable effects of deposited N, empirical crit-
ical loads for different ecosystems have been defined on the
basis of the measured or estimated deposition of inorganic N
alone (UNECE, 2010). If ecosystems respond similarly to de-
position of organic N, then the additional deposition should
be taken into account, particularly for sensitive ecosystems
where deposition is close to the critical load based on in-
organic N alone. Although it could be argued that organic
N deposition is implicitly included in such estimates, where
critical loads have been established based on the measured
www.biogeosciences.net/9/4401/2012/ Biogeosciences, 9, 4401–4409, 2012
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responses to inorganic N deposition in the field, the lack of
a clear relationship across Europe between inorganic and or-
ganic N deposition means that some ecosystems may be sub-
ject to considerably greater total N deposition than that esti-
mated from inorganic N deposition alone, while in other ar-
eas the additional deposition of organic N may be negligible.
However, this study has shown that the relative importance of
organic N is greatest where total N deposition is smallest, i.e.
precisely in those areas where sensitive ecosystems are fac-
ing pressure from anthropogenic N deposition. Inclusion of
organic N in the estimation of empirical critical loads would
require measurement (ideally) or estimation of the additional
wet (and dry) deposition of organic N. Although the need for
such measurements is clear, the present study implies that
estimating such deposition will be very difficult because of
the lack of consistent spatial patterns in WSON, either in ab-
solute amounts or as a fraction of total N. Similarly, where
processes such as species change (Stevens et al., 2010) are
described or modelled using deposition of inorganic N as an
explanatory variable, the potential role of WSON should not
be ignored.
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